Purpose Silent corticotroph adenomas (SCAs) comprise 20 % of all corticotroph adenomas and 3-19 % of nonfunctioning adenomas (NFAs). As they do not manifest clinical or biochemical hypercortisolism, they are diagnosed after pathologic examination of resected tumor tissue demonstrates positive ACTH expression. While preoperative features are similar to those of NFAs, SCAs may have more cavernous sinus invasion. Further, patients with SCAs tend to have more frequent and earlier recurrences than those with NFAs, often necessitating multiple surgeries and other modalities of treatment. This article reviews the incidence, pathogenesis, and clinical behavior of SCAs. Methods A systematic literature review was performed using PubMed for information regarding SCAs. Results Up to date findings regarding epidemiology, pathogenesis, pathology, clinical presentation, postoperative course, and management of patients with SCAs are presented. Conclusion This review highlights the necessity of rigorous monitoring for recurrences and hypopituitarism in patients with SCAs.
Introduction
Corticotroph adenomas (*10 % of pituitary tumors) are immunopositive for adrenocorticotrophic hormone (ACTH) and are associated with elevated circulating ACTH and cortisol levels leading to Cushing disease (CD) with features of hypercortisolism [30, 35] . However, up to 20 % of clinically inapparent corticotroph adenomas, known as silent corticotroph adenomas (SCAs), do not manifest biochemical or clinical evidence of hypercortisolism [9, 29, 44] . These adenomas are resected usually because of mass effects, and patients are followed post-operatively for persistent or recurrent mass growth with serial MRIs, and monitored for development of subsequent hypopituitarism [4, 10, 29, 49, 59] . SCAs have consistently been shown to have a more aggressive postoperative course compared to nonfunctioning adenomas (NFAs). This review presents the distinct pathogenesis of these tumors, their clinical behavior, and management.
Epidemiology
Pituitary tumors are monoclonal adenomas accounting for *15 % of primary intracranial neoplasms [32] with prevalence of 2-9 per 10,000 for clinically apparent adenomas [11, 13] and up to 25 % for occult adenomas on autopsies [32] . Studies report the incidence of SCAs to be 3-19 % of adenomas classified preoperatively as NFAs [4, 8, 16, 20, 39, 61] . In the German Registry of Pituitary Tumors, 5.5 % of clinically silent adenomas were SCAs, with the sparsely granulated type II adenoma more common at 4.4 % compared to the densely granulated type I adenoma at 1. [12] as they have similar expression of ACTH [24] and POMC [20] . Secretory granules of silent adenomas tend to be smaller than endocrine active adenomas [15] . Furthermore, electron microscopy studies have shown two morphologic variants of SCAs. To distinguish the two subtypes, periodic acidSchiff staining may be helpful in addition to other features. Type I adenomas, which may comprise up to 68 % of SCAs [20] , are similar to functional corticotroph adenomas in that they are densely granulated basophilic tumors with abundant cytokeratin filaments, strongly PAS positive, stain diffusely for ACTH, and have higher Tpit expression. Subtype II adenomas are chromophobic, lack cytokeratin filaments, have scattered PAS staining, sparse ACTH staining, and lower Tpit expression [1, 12, 16, 20] . In addition to corticotroph features, SCAs incorporate gonadotroph elements as evidenced by the presence of honeycomb Golgi [47, 62] and increased mitochondrial density [62] . In our series, two SCAs tested were categorized as SCA subtype II while the remainder incorporated elements of both corticotroph and gonadotroph adenomas. In particular, oncocytic transformation seen in three SCAs was typical of gonadotroph adenomas, whereas the granule pleomorphism and enlarged lysosomes/enigmatic bodies we observed in all the SCAs resembled corticotroph adenomas [10] .
Expression of Ki-67 and p53 growth markers is inconsistent in SCAs [4, 39, 48, 61] . In one series, two recurrent cases had elevated MIB-1 index scores [2] , and type I SCAs may have higher expression compared to type II SCAs [20] . Atypical adenomas, defined as elevated p53, Ki-67 above 3 %, and presence of mitoses [12] , have been reported in 17-30 % of SCAs [4, 39, 64] , while other series did not confirm these findings [42, 48, 61] . In our series, 4/13 had features of atypical adenomas (unpublished, Cooper O).
Pathogenesis
Several hypotheses have been proposed to explain the silence of these corticotroph adenomas. The first explanation may involve the role of tissue specific transcription factors which are useful markers for identifying pituitary tumor cytogenesis. Tpit, a tissue-specific regulator of POMC expression, is expressed in corticotrophs and melanotrophs [25, 27] and is a specific marker of POMC-producing cells in Cushing adenomas [57] . Another transcription factor NeuroD1 binds to the POMC promoter, activates POMC transcription [40] , and contributes to the functional expression and differentiation of ACTH secreting adenomas as well as differentiation of NFAs [26, 38] . SF-1 is localized to gonadotroph cells in nonfunctioning pituitary adenomas [64] . DAX-1, an orphan nuclear receptor, is also a cell-specific factor for gonadotroph cell differentiation [23] and is expressed in NFAs [18] . SCAs have been shown by some groups to have similar Tpit expression to CD [20, 57] while others demonstrate lower expression [10, 51] . In one series, despite variable expression, POMC and TPIT mRNA levels correlated positively in SCAs, similar to the pattern in Cushing macroadenomas [42] . In addition, SCAs have been shown to be immunoreactive for NeuroD1 as well as gonadotroph markers, DAX-1 and SF-1, in contradistinction to CD which are immunonegative for DAX-1 and SF-1. Finally, ACTH expression was demonstrated to co-localize with either LH or SF-1 in SCAs (Fig. 1 ). These findings suggest that SCAs may originate from a corticotrophgonadotroph progenitor cell [10] .
A second mechanism may be from dysfunctional processing and biologic activity of pituitary hormones. In CD, plasma ACTH levels correlate with abundance of ACTHimmunopositive cells but not in SCAs [24] . Individual corticotroph cells in SCAs may secrete insufficient, or bio-inactive, ACTH molecules [24] . SCAs potentially derive from POMC producing cells in the vestigial pars intermedia of the human pituitary [17] , and the clinical silence may be due to dysregulated POMC processing [36] . Prohormone convertase (PC) 1/3 transcripts, which cleave POMC to ACTH, indeed are downregulated in SCAs [50] , with CD having 30-fold higher levels than SCAs, and 10-fold higher levels observed in type I compared to type II SCAs which further suggest a defect in conversion of POMC to ACTH in SCAs [20] .
Finally, cell motility and migration may have a role in the pathogenesis of SCAs. One study demonstrated higher b1-integrin and osteopontin expression and lower MMP-1 and FGFR4 immunoreactivity in SCAs compared to NFAs [33] . Galectin-3, which is involved in cell growth and differentiation, cell adhesion, and tumor progression, is more abundantly expressed in CD compared to SCAs [21, 42, 54] .
On rare occasions, SCAs transform to active CD. The level of ACTH may be too low when the adenoma is in the clinically silent stage and then becomes higher when it converts to active clinical CD. It is possible as well that in the clinically active stage, a different form of ACTH is secreted, or there may be cyclical production of ACTH or changes occurring in processing enzymes or POMC mRNA [1, 28, 49, 56] .
Clinical course
SCAs are usually diagnosed pre-operatively as NFAs, and the definitive diagnosis of SCA is determined retrospectively after pathological examination of resected tumor tissue. In some series, there was a female preponderance in SCAs compared to NFAs [29, 51, 59, 61] , but not in others [4, 5, 39, 49, 59] . Patients frequently present with tumor mass effects, including headaches, visual disturbances, and hypopituitarism [49] . Alternatively, SCAs may be incidentally diagnosed when brain MRIs are performed for unrelated reasons [29] . SCAs therefore generally present as non-secreting macroadenomas, and preoperative laboratory studies reveal normal cortisol levels and normal to low LH/FSH and sex steroid and normal to slightly elevated prolactin (PRL) levels [4, 29, 44, 59] . Some SCAs may have elevated ACTH levels with normal cortisol levels [42, 49, 51, 55, 59] .
A number of studies have investigated whether SCAs have a more aggressive presentation (Table 1) . Up to 60 % of SCAs manifest with preoperative hypopituitarism, similar to rates observed in NFAs [9, 10, 20, 49, 59] though one series reported rates as high as 76 % in SCAs (n = 33) compared to 50 % in NFAs (n = 126) [19] . Radiologic features are generally similar between SCAs and NFAs [9, 10, 19, 42] though cavernous sinus invasion may be more prevalent in SCAs than in NFAs [4, 20, 48, 49, 61] . One group identified multiple microcysts (\3 mm) of high intensity signal on T2 weighted images in 77 % of SCAs compared 21 % in CD and 5 % of NFAs, and macrocysts in 23 % of SCAs [7] . Further, SCAs may have higher rates of intratumoral hemorrhage [9] .
On the other hand, the postoperative course in SCAs tends to differ from NFAs. New onset post-operative hypopituitarism has been reported in up to half of SCAs [10, 49, 59 ] including postoperative adrenal insufficiency [10, 29, 41, 44, 45, 59 ] though other studies did not confirm these differences [9, 19] . While SCA recurrence rates of up to 60 % have been documented [4, 5, 10, 19, 49, 59] , these rates do not differ from those observed with NFAs [5, 8, 61] . We demonstrated that SCAs recur 5 years earlier than NFAs [10] , and de novo recurrences were seen more frequently in patients with SCAs [10] . Further, SCAs frequently have multiple recurrences compared to NFAs [8, 20] . SCA subtype may predict recurrence as shown in a series of 75 SCAs, in which the 3 year tumor progression rate was 34 % for type I and 10 % in type II adenomas compared to 6 % for NFAs [20] . A number of individual cases of SCAs were reported to transform to symptomatic functioning CD, notably after receiving radiotherapy [3, 4, 6, 14, 31, 58, 62] . However, in large series of SCAs, 2 groups each reported only 1 case transforming to biochemical CD but without clinical stigmata [19, 59] . In the series of 75 SCAs, three type I SCAs developed CD 7 years on average after initial SCA diagnosis [20] . One case of an SCA that later converted to CD occurred in an atypical type II adenoma [41] .
Management
SCAs are primarily treated with surgery, but as they tend to recur, additional modalities of therapy have been investigated.
Use of stereotactic radiosurgery (SRS) may be an adjuvant therapy for SCAs. One study compared outcomes in 34 SCAs to 70 NFAs who received SRS. Tumor control was attained in 62 % of SCAs compared to 93 % in NFAs, and at 8 years, progression free survival was 31 % compared to 87 %, respectively. However, the dose used in this study may have been a factor in the observed response rate (\17 Gy was associated with poorer response) [60] .
Another potential therapy may be somatostatin analogs. SCAs were reported to have 200-fold higher somatostatin receptor (SSTR) 1 mRNA levels than NFAs and 17-fold higher than CD, higher SSTR2 mRNA levels than CD, and lower SSTR5 mRNA levels than CD [52] . Anecdotally, we treated a patient with an aggressive SCA with pasireotide and temozolomide. He had a 16 year history of an SCA for which he had undergone 2 resections, gamma knife n/a not available radiosurgery and then radiation therapy for further growth of the residual tumor. Seven months after the 2nd surgery, the patient presented with marked enlargement of the right cavernous portion of the tumor concomitant with complete right ophthalmoplegia. While there were no Cushingoid stigmata, his 24 h urine free cortisol (UFC) levels were elevated up to 482 mcg with ACTH levels up to 121 pg/ mL. We started the patient on temozolomide and pasireotide 600 mcg twice a day. Over the next month, the UFC normalized, ACTH levels decreased, and the tumor size reduced. He is currently maintained on pasireotide after completing six cycles of temozolomide (author's personal experience). Temozolomide has been explored as a possible chemotherapy for SCAs as they have low or absent MGMT immunostaining compared to CD adenomas [46] . Approximately 20 corticotroph tumors have been treated with temozolomide in the literature, 3 of which were SCA carcinomas which did not maintain response to temozolomide [22, 34, 53] . One group reported use of a combined regimen of temozolomide and capecitabine in a patient with an SCA which did lead to a reduction in tumor size [63] .
Finally, anti-VEGF therapy may be another potential treatment. In one case of a type II SCA that progressed to carcinoma, the patient was treated with bevacizumab which stabilized the disease for over 2 years [37] .
Conclusion
In summary, SCAs are a biologically and pathologically distinct subtype of pituitary adenomas. The bulk of evidence indicates that SCAs are an aggressive variant of both corticotroph and NFAs. While preoperatively, they may present as NFAs, they need to be monitored closely in the postoperative period for development of hypopituitarism and for more frequent and earlier recurrences, and more rarely for possible transformation to CD. Multimodal therapy may be necessary to adequately manage patients who recur, and larger clinical trials will hopefully demonstrate more effective medications.
